I. INTRODUCTION
S ENSITIVE electronic components have been increasingly used lately both in power and communication systems. These components may suffer logic upset or damage at lower levels of induced electromagnetic interferences brought about by the lightning. As a result, evaluation of the transient grounding resistance (TGR) of the grounding systems in the lightning protection systems has recently attracted considerable attention [1] - [3] .
The finite-difference time-domain (FDTD) method [4] , which provides a simple and efficient way of solving Maxwell's equations for a variety of problems, has been widely applied in solving many types of electromagnetic problems. It is good at predicting the electromagnetic characteristics of a particular structure for it provides extensive time-domain information and the frequency-domain information can be provided via a discrete Fourier transform.
However, when the TGR analysis of the lightning protection systems is involved, it is difficult to model the earthing conductor with the standard FDTD method because the dimension of the earthing conductor is so small compared to the total computational domain, and one has to refine the FDTD grid to the conductor dimension, which will result in huge memory usage. In this letter, we proposed a novel method for the FDTD modeling of the earthing conductor in the TGR analysis of the lightning protection systems. By incorporating the singularities of the field variation near the conductor into the Faraday's contour path, the time-marching equations for the magnetic field components adjacent to the earthing conductor can be derived. The numerical efficiency of the proposed method has been approved from the validation of both the field distribution near the earthing conductor and the TGR.
II. TGR CALCULATION MODEL
To calculate the TGR, a grounding model is adopted as shown in Fig. 1 , where earth is used as the return path [2] . To be simple, a single earthing conductor is used, and a remote electrode is used to permit the transient current flowing into the earth.
The TGR is defined as a ratio of the transient voltage to the transient current (1) Here, is the transient current flowing through grounding conductor, which can be defined from the Ampere's Law (2) In the FDTD analysis, the voltage between the two sides of a cell can be defined as (3) 1536-1225/$31.00 © 2012 IEEE According to the type arrangement in the IEC 62305-3 [5] , the earthing conductor selected for the analysis in this letter is shown in Fig. 2 , for its widely usage in the engineering practice.
III. MODELING OF THE EARTHING CONDUCTOR
To model the earthing conductor without involving huge memory usage, a coarse FDTD division is used, and the singularities of the field variation near the conductor are included into the contour-path technique [6] .
Based on the Yee's mesh, the typical FDTD mesh for modeling the magnetic field near the earthing conductor is shown in Figs. 3-5 , where and are the geometrical feature measures shown in Fig. 2 . We assume the magnitude of each looping component and radial component varies as , where is the radial distance from the metal edge to the field point [7] , [8] .
Therefore, the electromagnetic field components at the right side of the conductor in Fig. 3 can be expressed by Then, we can get (7) Dispersing (7) at the time , and then we can get the updating equation for magnetic field component (8) where (9) By using the same artifice, one can derive the updating equation for the at the other side. For the field components shown in Fig. 4 , the field variation at the right side of the conductor can be expressed as (10) where (15) (16) (17) By using the same artifice, one can derive the updating equations for the other magnetic field components near the conductor. For the other field components, standard FDTD equations can be used.
IV. NUMERICAL RESULTS
To validate the efficiency of proposed method, the standard FDTD simulation result is included as a benchmark for comparison. To model the earthing conductor with the standard FDTD grids without resulting in huge computational memory, the nonuniform standard FDTD method is used [9] .
The computational model shown Fig. 1 is adopted, where the earthing conductor is 1.5 m long and the other dimension is shown in Fig. 2 . We set the parameters as m, m, m, m, m. The lifting line, connecting line, and remote current electrode are all round steel with a diameter of 0.025 m. The computing domain, which is m , is terminated by the convolution PML [10] .
The double-exponential lightning pulse is applied as the voltage source (18) where s s kV. It is assumed that constitutive parameters of the ground are constant, and the relative permittivity of the ground is set as 9.0 and the conductivity is 0.001 S/m [3] .
When the nonuniform standard FDTD method is used, the expansion factor is set as , while uniform grid is used in the -direction. The dimension of the largest cell is cm, and the smallest cell is cm. The time-step is , where is the speed of the light in the free space [6] . In this section, we first verified the accuracy of the field distribution given by (5) . Second, the TGR calculated by the supposed method is compared to the nonuniform standard FDTD result.
To verify the supposed singularities of the field variation in (5), (10) , and (13), we compared the distribution of the field component obtained from (5) with that from the nonuniform standard FDTD method. Fig. 6 graphs the field component as a function of the distance from the angle iron obtained from (5) , where the nonuniform standard FDTD result is also presented as a reference. It is clear that the field distribution predicted by (5) agrees will with the nonuniform standard FDTD result. The same conclusion can be obtained by checking the field variation of (10) and (13).
To model the problem in Fig. 1 with the proposed method, the space increment is set as cm, and the time-step is . Fig. 7 shows the calculated TGR of the grounding system by the two methods, respectively. It shows that result of the method proposed above is in good agreement with the nonuniform standard FDTD result. However, the memory usage was 25 MB for the proposed method, compared to 50 MB for the nonuniform standard FDTD method, and the proposed method used 1.2 min, while the nonuniform standard FDTD method used 109 min. If the uniform standard FDTD method is used, more computational resources will be occupied.
V. CONCLUSION
In this letter, a new method has been proposed to model the earthing conductor to overcome the limitation of huge computational resources modeling the earthing conductors with the standard FDTD grid. The proposed method is derived by incorporating the singularities of the field variation near the conductor into the Faraday's contour path containing the conductor.
The accuracy of the proposed method has been approved from the validation of the field distribution and the TGR result. It is demonstrated that much computational memory is saved, and the time usage of the proposed method is only about 1% of the nonuniform standard FDTD simulation. With the proposed method, the earthing conductor of the grounding systems in the TGR analysis can be modeled without involving huge computational resources.
